The mass transfer of gases and metabolites is necessary for the maintenance, growth and reproduction of all marine organisms (Dennison & Barnes 1988 , Atkinson et al. 1994 , Lesser et al. 1994 , Thomas & Atkinson 1997 . Water flowing across marine organisms exerts forces on those organisms. Those forces generate a frictional drag (i.e., shear stress) that allows mass transfer across the diffusion-limiting boundary layers which lie between the surrounding (bulk) water and the organism (Patterson & Sebens 1989) . Thick boundary layers exist around marine organisms in lowflow environments, while in high-flow environments boundary layers are thin. Therefore, rough morphologies are an advantage in habitats with low-water velocities because rough morphologies increase frictional drag, thereby increasing the mass-transfer potential (Baird & Atkinson 1997 , Bruno & Edmunds 1998 . Thus, forced convection of water across marine organisms enhances shear stress that in turn greatly promotes passive diffusion (i.e., not involving energy) of metabolites or heat across the boundary between the organism and the ambient environment. Zero water flow would suggest diffusion to equilibrium, which would in turn severely restrict metabolic processes and, especially in multi-branched coral colonies, probably lead to death.
The theory. The relationship between shear stress and water velocity can be understood with reference to Newton's law of viscosity:
where τ is the shear stress (or force per unit area exerted by the water, kg m -2 s -1 ), ρ is the density of water (998.4 kg m ) and C D is the drag coefficient of the object or organism. This equation shows that small increases in (water) velocity enhance the shear stress by the square of the velocity. Flux of dissolved gases and metabolites, between an organism and the surrounding water, is also largely dependent on the size and morphology of the organism (Lesser et al. 1994) . A dimensionless Sherwood number (Sh 0 ), often used in aquatic plant allometry (Niklas 1994), quantifies gas-flux theory as
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Patterson (1992) showed that the relationship between Sh 0 and Re follows a power function:
where c is a constant and d is a flow size exponent for mass transfer through a laminar or turbulent boundary layer. Patterson noted how this relation closely followed the plot of body size and metabolic rate, and by solving the 3 equations simultaneously (i.e., Eqs. 2 to 4) the rate of diffusion (or mass transfer) can be formally stated as:
Coral bleaching. From extensive field observations around Okinawa (Japan) we noticed a high survival of corals in high water-flow habitats (R.v.W. pers. obs.). Our hypothesis is that the coral colonies growing in high water-flow habitats are more resistant to a combination of high sea-surface temperatures (SSTs) and high irradiance than colonies in low water-flow habitats under the same SSTs and irradiance. Our rationale is as follows. Excessively high irradiance causes a reduction in the photosynthetic activity of plants. This phenomenon, referred to as photo-inhibition, involves the inactivation of the photosynthetic apparatus by the accumulation of harmful superoxides and other oxygen radicals that interfere with photosynthetic processes (Asada 1999) . Harmful oxygen radicals also accumulate in endosymbiotic zooxanthellae when the corals are subjected to both high irradiance and high SSTs (Lesser 1997 , Jones et al. 1998 , Warner et al. 1999 . Reducing or removing oxygen radicals, or their more permeable derivatives, may ensure colony survival. High water-flow habitats may induce high-mass transfer of any detrimental photosynthetic byproducts. We test this hypothesis experimentally.
Methods. Modelling: The theoretical relationships among mass transfer, the organism's size and water velocity were derived by solving Eq. (5). Our input parameters were: c (a constant), equal to 2; D v (the diffusion coefficient of the dissolved species), which for O 2 in water is equal to 2 × 10 -9 m 2 s -1
; W (the organism's characteristic dimension, either length or height above the benthos) was varied from 0.01 to 0. 
Empirical methods:
To test the above theory we undertook the following experiments in July-August 2000 at the Tropical Biosphere Research Center, University of the Ryukyus, Sesoko Island, Okinawa, Japan. Three Acropora digitifera colonies were collected from Bise reef (Okinawa). (Bise reef is near Sesoko Island, but has on average higher water-flow rates and most Acropora colonies below 8 m survived the 1997-98 bleaching event.) Small multi-branched colonies (ranging from 4.7 to 6.8 cm in height and 2.0 to 3.2 cm in diameter) were broken off each colony and allowed to heal for 2 wk in an outdoor aquarium maintained under 30% photosynthetically active radiation (PAR) and ~3 cm s -1 water flow. We then subjected the small branches to different water-flow rates and SST conditions. Water-flow rate treatments were maintained at 50 to 70 cm s -1 and at 3 cm s -1
. One SST treatment ranged from 26.22 to 33.65°C and the other, acting as the control, ranged from 26.64 to 29.74°C. Corals were maintained in Perspex mini-flumes (length 140 cm, width 10 cm, and height 10 cm, while the water was constantly 5 to 6 cm deep) (adapted from Atkinson & Bilger 1992) . These mini-flumes were supported on concrete blocks within an open aquarium (length 2.5 m, width 1.3 m, and depth 0.4 m) that was supplied with running seawater. Five replicates from each colony were placed in each treatment. For stability the replicates were attached to 30 × 7 cm acrylic plates using Kneadit Selleys underwater cement. All treatments and controls were subjected to 95% PAR. The water-flow rates in the mini-flumes were generated and maintained with submersible pumps (REI-SEA, Type RSD-40).
Results and discussion. We solved Eq. (5) for a number of input parameters (Fig. 1) . Here, k c predicts that the mass transfer or rates of diffusion, within a given surface area, to and from small organisms is more rapid than to and from large organisms (Fig. 1 ). An implicit assumption of this theory is that if the organisms are coral colonies then they have no spatial context; that is, they have no neighbors inducing turbulence, which is not often the case in the field. Therefore in theory, if high-mass transfer is critical in times of stress, for example, when SSTs are high, small colonies are expected to survive in preference to large colonies under similar flow regimes. Indeed, Loya et al. (in press) show that small colonies of Acropora corals survived in preference to large colonies of Acropora in the same habitat, which suggests that the theory and the empirical evidence concur.
Theory also suggests that water velocity is a ratedetermining step in mass transfer (Fig. 1) . We solved Eq. (5) for different water velocities. Clearly, mass transfer increases with increasing water flow. Fig. 2 shows high coral survival in high water-flow treatments, even though the corals were subjected to high SSTs (i.e., when SSTs ranged from 26.22 to 33.65°C), while low-water flow treatments, at the same temperatures, induced coral bleaching and mortality within 8 d. At slightly lower SSTs, < 30°C (i.e., ranging from 26.64 to 29.74°C), under the same irradiance, there was no coral mortality in either high or low watervelocity treatments. We hypothesized that the coral colonies growing in high water-flow habitats are more resistant to a combination of high SSTs and high irradiance than colonies in low water-flow habitats under the same SSTs and irradiance. The results of the experiments support the hypothesis.
High-water flow may sequester, through diffusion, the build-up of toxins within corals subjected to high SSTs and high irradiance. Jones et al. (1998), and Warner et al. (1999) showed convincing evidence that the onset of coral bleaching, under high SSTs and high (solar) irradiance, begins by the impairment of CO 2 fixation under high temperature and high irradiance. Jones et al. (1998) suggested that the toxic oxygen pro- duced in zooxanthellae at high SSTs coupled with irradiance could damage pigments and proteins that lead to the inactivation of photosynthesis. Although oxygen radicals are not particularly permeable, superoxides are easily converted to more permeable hydroxyl radicals, which can diffuse easily through cells and cell membranes (Yamasaki 2000) . Therefore, oxygen radicals and their derivatives, produced by zooxanthellae at high SSTs coupled with high irradiance, could potentially damage pigments and proteins that lead to the inactivation of photosynthesis, and could indeed induce coral bleaching. The removal of these molecules may prevent photosynthetic inactivation and hence prevent coral bleaching. Further experiments are needed that trace the evolution and diffusion rates of toxic molecules, under high SSTs and high irradiance, in corals. In conclusion, these simple physical principles may explain why the 1998 coral bleaching effects in the Ryukyu Islands, Japan, were patchy and why sites with high-flow rates also had high coral survival.
